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Oxidation processes are widely applied to water treatment for the purpose of disinfection and oxidation. Target chemical pollutants for oxidation processes in drinking waters typically include inorganic (iron, manganese and arsenic, etc) and organic compounds (taste and odor compounds, fuel additives, pesticides, chlorinated solvents and algal toxins, etc). In recent years, oxidation processes have received increased attention as potential tools to eliminate so-called emerging micropollutants, such as hormones, pharmaceuticals and personal care products from wastewaters (Schwarzenbach et al., 2006 Ternes and Joss, 2006) . These organic micropollutants are mainly derived from municipal wastewater effluents. Therefore, a polishing treatment of wastewater effluents by oxidation processes has been discussed and investigated from laboratory-to full-scale to minimize a discharge of micropollutants to the receiving waters (Snyder et al., 2006; Hollender et al., 2009; Gerrity et al., 2011; Zimmermann et al., 2011) . Furthermore, wastewater reclamation facilities often employ multi-barrier treatment chains, which may include oxidation processes (Asano et al., 2007; Reungoat et al., 2010) .
Ozone (O 3 ) and hydroxyl radicals (HO ) with the latter being the main oxidant in 'advanced oxidation processes (AOPs)' have gained attention as a tool to transform micropollutants during treatment of not only drinking waters but also wastewaters (von Gunten, 2003; Snyder et al., 2006) . Even though chlorine dioxide (ClO 2 ) and chlorine (HOCl) have been used for disinfection as their primary purpose (Black & Veatch Corporation, 2010) , it has been realized that certain types of organic micropollutants can be significantly transformed by ClO 2 and HOCl Huang, 2004, Pinkston and Sedlak, 2004; Huber et al., 2005; Deborde and von Gunten, 2008 ; Dodd et al., 2005) . Additionally, ferrate VI (HFeO À 4 ) has received attention as a dual function water treatment chemical, which can achieve oxidative transformation of micropollutants and removal of phosphate by iron-precipitation during wastewater treatment ). The transformation efficiency of micropollutants during oxidative water treatment depends on (1) the reactivity of the oxidant toward a target micropollutant and (2) toward the matrix components of water such as dissolved organic matter (Lee and von Gunten, 2010) . The reactivity of an oxidant toward a compound has been quantified based on chemical kinetics, which employs rate laws and rate constants. Almost all reactions of water treatment oxidants (Ox) with dissolved compounds (P) typically follow second-order reaction kinetics. This yields the following rate equation:
where k is a second-order rate constant for the consumption of P by Ox, and h is a stoichiometric factor for the amount of Ox that is depleted per P that is transformed (i.e. k ¼ h k 0 ). An integration of eq. (2) over a reaction time for a system which is closed for P (e. 
The k-values represent the reactivity between P and Ox quantitatively and are one of the key parameters in the kinetic w a t e r r e s e a r c h 4 6 ( 2 0 1 2 ) 6 1 7 7 e6 1 9 5 concept. Over the last decades, many k-values have been measured for the reaction of the aforementioned oxidants with a wide range of organic compounds in several different disciplines, such as water treatment chemistry, atmospheric chemistry, and biological chemistry (Buxton et al., 1988; Deborde and von Gunten, 2008; Hoigné and Bader, 1994; Neta et al., 1988;  (Lee and von Gunten, 2010) . In contrast, HO react very fast with almost any type of organic moieties even including aliphatic CeH bonds (Buxton et al., 1988) . Based on this difference in the reactivity, O 3 , ClO 2 , HOCl and HFeO À 4 will be referred as 'selective oxidants' in the current paper as opposed to the less selective HO . Good correlations have been found between the k-values for an oxidation reaction of closely related compounds (e.g. possessing a common ERM) and substituent descriptor variables such as Hammett or Taft sigma constants (Canonica and Tratnyek, 2003) . These QSARs (quantitative structure activity relationships) are useful in predicting k-values and thus transformation efficiency of micropollutants during oxidative water treatment. Especially, when considering the immense number and large structural diversity of synthetic organic compounds, which are often found in various water resources, the QSAR-based prediction method is very useful as a screening tool.
In this paper, we develop and summarize QSARs for the kinetics of the oxidation of organic compounds by the four water treatment oxidants, O 3 , ClO 2 , HOCl and HFeO À 4 (these chemical formulae indicate the actual reactive species of these oxidants under typical conditions for water treatment and will be used to refer to these oxidants) that are relevant for organic micropollutants transformation during oxidative water treatment. Existing QSARs available for the selective oxidants in literature (Canonica and Tratnyek, 2003; Deborde and von Gunten, 2008; Gallard and von Gunten, 2002; Hoigné and Bader, 1983a; Lee et al., 2005; Pierpoint et al., 2001; Rebenne et al., 1996; Suarez et al., 2007) Sonntag, 1998; Hoigné and Bader, 1983a,b; Neta et al., 1988; Pierpoint et al., 2001) , ClO 2 (Hoigné and Bader, 1994; Huber et al., 2005; Neta et al., 1988) , HOCl (Deborde and von Gunten, 2008; , and HFeO À 4 (Lee et al., 2005 . Some k-values of O 3 and ClO 2 are also available in an online data base, http://kinetics.nist.gov/ solution/. A complete list of the references is provided in the Supporting Information, SI-Excel-1
All k-values used in the QSAR analysis correspond to species-specific reactions. Among the oxidants, only chlorine and ferrate exist in two different species under near-neutral pH conditions: HFeO Sharma et al., 2001) and Albert and Serjeant, 1984) . Since only the protonated species of chlorine and ferrate show appreciable reactivity, all k-values for chlorine and ferrate reactions correspond to the reactions of HOCl and HFeO À 4 , respectively. Similarly among the ERMs, phenols and amines undergo acid-base speciation. In these cases, the kvalues for the reaction with non-dissociated (i.e. protonated) and dissociated (i.e. deprotonated) species were treated separately.
Descriptor variables
In this study, Hammett s (s, s þ and s À ) and Taft s* constants are mainly used in the QSAR analysis because they are the most common substituent descriptors in physical organic chemistry and relatively easily accessible and applicable (Hansch et al., 1991 (Hansch et al., , 1995 Perrin et al., 1981) . These constants are empirical parameters and obtained from thermodynamic or kinetic parameters for a specified reference reaction (e.g. ionization constants of benzoic acids) and a series of homologous reactants. These sigma constants express quantitatively the electron-donating (large negative value) or withdrawing (large positive value) properties of substituents. Hammett s constants are typically derived from and applied to aromatic compounds and thus include inductive and resonance effects of substituents. The s þ and s À are specialized scales of s constants, which have been used to account for the stabilization of reaction centers by resonance interaction with substituents. Therefore, the s þ scale differs from the s scale for the electron-donating substituents such as alkyl-, alkoxy-, and hydroxyl-groups. In contrast, the s À scale differs from the s scale for the electron-withdrawing substituents such as nitro-, acetyl-, and cyano-groups. Taft s* constants are derived from aliphatic compounds (e.g. ionization constants of esters) and typically represent inductive effects of substituents. Thus, Taft s* constants are widely used to account for substituent effects especially in aliphatic systems. (Hansch et al., 1991 (Hansch et al., , 1995 . The s þ o values were calculated from w a t e r r e s e a r c h 4 6 ( 2 0 1 2 ) 6 1 7 7 e6 1 9 5 the relationship s þ o ¼ 0:66s þ p , which accounts for the ortho effects (Jonsson et al., 1993 (Hansch et al., 1991 (Hansch et al., , 1995 .
For aliphatic compounds such as amines and olefins, Taft s* constants were used. The effects of substituents were accounted by using the P s* which sums the s* value of each substituent around the reaction center. Amines and amine derivatives have typically three substituents on the central nitrogen atom (i.e. R 1 eN(R 2 )eR 3 ), thus
. Likewise, olefins have four substituents on the double bond (i.e. R 1 R 2 eC¼CeR 3 R 4 ), accordingly,
Descriptor variables for structurally complex substituents (especially the cases for many pharmaceuticals) were not directly available in literature. In these cases, a structural approximation has to be applied to estimate descriptor variables. The structural approximation is based on the principle that the inductive/resonance effects of atoms in substituents are attenuated with increasing distance of the atoms from a reaction center (Perrin et al., 1981) . Therefore, only one or two neighboring atoms from a reaction center determine the inductive/resonance effects of whole substituents. For example, the cyclic-aliphatic ring attached to the phenolic moiety of 17a-ethinylestradiol can be approximated to metaand para-dimethyl substituents (i.e. 3,4-dimethylphenol) because the rest of the aliphatic hydrocarbons in the rings do not have a significant influence to the electronic state of the phenolic moiety. Likewise, the structure of carbamazepine was approximated to 1,2-diphenylethene (see Supporting Information, SI-Excel-3 for more cases of structural approximations).
Linear correlations
Linear correlation equations were developed by plotting the logarithm of. k-values for reactions of oxidants with compounds versus the aforementioned substituent descriptor variables and then fitting according to the relationship, log(k) ¼ r(descriptor variable) þ y 0 , where r and y 0 represent the slope and intercept of the linear correlation, respectively.
Cross-correlations were also tested between k-values for reaction with two oxidants. In these cases, the logarithm of kvalues were fitted according to the relationship, log( À -values are about five orders of magnitude higher than the k PhOH -values. Therefore, in near-neutral and basic solutions (e.g. pH > 7), the apparent reaction rate constants at a given pH (k app ) is mainly determined by the dissociated phenol species (i.e.
The reactivity pK for the ozone-phenol reaction is at about 4 (pH for which ak PhOH ¼ ð1 À aÞk PhO À ). This means that for a pH >4, ozone reacts mainly with the phenolate species. In this respect, the uncertainty of predicted k app -values is mainly affected by the uncertainty of eq. (5) rather than that of eq. (4) in Table 1 . 20 out of 24 (83%) k PhOH -values were predicted by eq. (4) within a factor of 1/3e3 compared to the measured ones. All k PhO À -values were predicted by eq. (5) within a factor of 1/3e3. The two dotted lines around the solid line in Fig. 1 represent the prediction error range of a factor of 1/3 and 3, respectively. A prediction error range of a factor of 9 was taken in this study as practical criterion for assessing goodness of correlations. This is based on the fact that many experimentally determined rate constants even for the same reaction typically show differences of up to a factor of 10. It will be discussed later how significant the magnitude of the difference in k-value is for the uncertainty of the prediction of micropollutant elimination.
Currently, the rate constants (k PhOH and k PhO À ) for the reaction of O 3 are known for seven phenolic micropollutants, namely, 17a-ethinylestradiol, 17b-estradiol, estrone, estriol, bisphenol-A, 4-n-nonylphenol, and triclosan. Bisphenol-A has two pK a values and the corresponding rate constant of the w a t e r r e s e a r c h 4 6 ( 2 0 1 2 ) 6 1 7 7 e6 1 9 5 c Sy.x is the standard deviation of the linear regression and calculated as Sy.x ¼ (SS/df) 1/2 where SS is the sum-of-squares of the distance of the linear regression from the data points and df is the degrees of freedom of the fit (i.e. n À 2). d n is the number of data points. Table 1 ) and dissociated phenols (eq. (5), Table 1 ) vs. P s D o;m;p . Solid lines represent the obtained linear equations and dash lines represent the prediction error ranges of a factor of 1/3 and 3, respectively. Some symbols are not named due to space limitation: dissociated phenols such as 4-chlorophenolate, 17a-ethinylestradiol, estrone and estriol, non-dissociated phenols such as 4-methyl-, 2,3-dimethyl-, 3-hydroxy-and 3,4-dimethyl-phenol. The corresponding data can be found in SI-Excel-1. Table 1 ). Some symbols are not named due to space limitation: dissociated phenols such as 2-carboxylato-, 2-chloro-, 4-chloro-, 2-hydroxy-, 3-hydroxy-, 2-methoxy-, 2-methyl-, 3-methyl-, 4-methyl-, 2,5-dimethyl-phenolate, tyrosine and 17a-ethinylestradiol: non-dissociated phenols such as 4-cyano-, 4-tert-butyl-, 3-hydroxy-, 2-methoxy-, 4-methyl-, 4-nitro-, 4-sulfonato-, tyrosine, 4-bromo-, and 4-cyanophenol (data, SI-EXCEL-1).
w a t e r r e s e a r c h 4 6 ( 2 0 1 2 ) 6 1 7 7 e6 1 9 5
) are reported (Deborde et al., 2005) . The two nearly identical rate constant indicate that dissociation of one phenol has little influence to the electronic state of the other phenol in bisphenol-A. In this study, the k-value of 1.1 Â 10 9 M À1 s À1 was therefore used for the two dissociated species of bisphenol-A. In all cases except the k PhOH -value for 17a-ethinylestradiol and 17b-estradiol, the measured and predicted rate constants differ by less than a factor of 3. However, the predicted k PhO À -value for 17a-ethinylestradiol and 17b-estradiol were lower than the measured ones by a factor of 3.2 and 3.8, respectively. (see Table 2 and SI-Excel-1).
ClO 2 (Fig. 2) . The linear correlations of ClO 2 for both k PhOH and k PhO À are shown in Eqs. (6) and (7) in Table 1 , respectively. The s þ o;m;p scale was the best descriptor variables for nondissociated phenols, while the s À o;m;p scale was the best for dissociated phenols (see SI-Excel-1). eq. (7) is quite similar to the QSAR equation developed by Tratnyek and Hoigne (i.e. log ðk PhO À Þ ¼ 8:2ðAE0:2Þ À 3:2ðAE0: (Tratnyek and Hoigne, 1994) . Compared to O 3 , ClO 2 shows at least one order of magnitude lower k PhO À -values. The k PhO
À -values are about eight orders of magnitude higher than the k PhOH -values. Therefore, the k app -values are controlled by the concentration of dissociated phenols (reactivity pK is about 2), which is similar to the case of O 3 . 10 out of 15 (67%) k PhOH -values were predicted by eq. (6) within a factor of 1/3e3 compared. 25 out of 32 (78%) k PhO À -values were predicted by eq. (7) within a factor of 1/3e3. Among various phenolic micropollutants, only the k PhO À -value for 17a-ethinylestradiol is known, which was well correlated with eq. (7) (a factor of 1.3 difference) (see Table 2 and SI-Excel-1).
HOCl (Fig. 3) (Deborde and von Gunten, 2008; Gallard and von Gunten, 2002; Rebenne et al., 1996) . Therefore, the s HOCl shows about four orders of magnitude lower k PhO À -values than O 3 . In addition, the k PhO À -values are more sensitive to the substituent variation than any other oxidants with a r slope of À4.9 (even considering the difference in the s Table 1 ). EE2 represent 17a-ethinylestradiol. Some symbols are not named due to space limitation: 2-chloro-, 2,6-dichloro-, 2-bromo-, 4-bromo-, 2,6-dibromo-, 3-hydroxy-4,6-dichloroand 4-methyl-phenol, and bisphenol-A, 17b-estradiol, estrone, estriol, 4-chloro-EE2, 2,4-dichloro-EE2 and 2,4-dibromo-EE2 (data, SI-EXCEL-1). w a t e r r e s e a r c h 4 6 ( 2 0 1 2 ) 6 1 7 7 e6 1 9 5 w a t e r r e s e a r c h 4 6 ( 2 0 1 2 ) 6 1 7 7 e6 1 9 5
Table 2 e (continued ) À -values for the reaction of HOCl are known for fourteen phenolic micropollutants. These include acetaminophen, bisphenol-A, 2-bromo-17a-ethinylestradiol (2-bromo EE2), 4-bromo EE2, 2-chloro EE2, 4-chloro EE2, 2,4-dibromo-EE2, 2,4-dichloro-EE2, EE2, 17b-estradiol (E2), estriol (E3), estrone (E1), 4-nonylphenol, and triclosan. In most cases, eq. 8 yields good predictions for the k PhO À -values of these micropollutants with differences of less than a factor of 3. However, the predicted k PhO À -value for acetaminophen was lower than the measured one by a factor of 4.1. In addition, the predicted k PhO À -value for triclosan was higher than the measured one by a factor of 8.6 (see Table 2 and SI-Excel-1).
HFeO À 4 (Fig. 4) Due to the small difference in the k PhOH -and k PhO À -values, both non-dissociated and dissociated phenol species are important in controlling the k app -values. The reactivity pK for 17a-ethinylestradiol is at 7.5. Therefore, the k app -values are controlled by the fraction of non-dissociated phenols at pH <7.5 while it is dominated by the fraction of dissociated phenols at pH >7.5 (see above).
All 11 k PhOH -values were predicted by eq. (9) with a difference of less than a factor of 3. 13 out of 14 (93%) k PhO À -values were predicted by eq. (10) within less than a factor of 3. Currently, the rate constants (k PhOH and k PhO À ) for the reaction of HFeO À 4 are known for four phenolic micropollutants, namely, bisphenol-A, 17a-ethinylestradiol, 17b-estradiol and triclosan. For these four micropollutants, the predicted kvalues lie within a factor of 2 relative to the measurements (see Table 2 and SI-Excel-1).
Anilines
All selective oxidants show a high reactivity to anilines (k > 10 2 M À1 s
À1
). Compared to phenols, however, the number of available k-values is significantly lower for ClO 2 , HOCl, and HFeO O 3 (Fig. 5) . The linear correlation of O 3 for k ArNH2 is shown in eq. (11) The reactive sites of micropollutants as the electron-rich moieties (ERM) were marked in red color (Further details are given in the Supporting Information, SI-Excel-2 and SI-Excel-3). a Hammett sigma constants calculated from Hansch et al. (1991 Hansch et al. ( ,1995 . b Taft sigma constants calculated from Perrin et al. (1981) . c For sources of k-values, see SI-Excel-2 and SI-Excel-3.
for phenolic compounds and k app ¼ (1 À a)k amine for amine compounds, a: w a t e r r e s e a r c h 4 6 ( 2 0 1 2 ) 6 1 7 7 e6 1 9 5 (11)), the k app -values for the reaction of O 3 at near-neutral pH are higher with anilines than phenols because anilines do not change their speciation (pK a values of anilines <5). The r slope is À1.54, thus the reactions are relatively less sensitive to the substituent effects. 12 out of 14 (86%) k ArNH2 -values were predicted by Eq. (11) within a factor 1/3e3. Currently, the k ArNH2 -value of O 3 is known only for sulfamethoxazole as aniline-containing micropollutants. Eq. (11) predicts well the k ArNH2 -value of sulfamethoxazole within a factor of 1.2 (see Table 2 and SI-Excel-1). ClO 2 (Fig. 6) . The linear correlation of ClO 2 for k ArNH2 is shown in Eq. (12) in Table 1 . Compared to O 3 , ClO 2 shows about two orders of magnitude lower k-values for non-substituted aniline. Because of the small number of k-values available (n ¼ 4), the obtained correlation for ClO 2 is less reliable than other correlations presented in this study. Nevertheless, the k ArNH2 -value for the reaction of chlorine dioxide with sulfamethoxazole is well correlated with Eq. (12) within a factor of 1.1 (see Table 2 and SI-Excel-1).
HOCl and HFeO Sharma et al., 2006) . However, it was proposed that the determined k ArNH2 -values for the reaction of HFeO À 4 might represent the k-value for the reaction of aniline-ferrate intermediates with aniline ). More kinetic studies are needed to be able to develop reliable QSARs for the reactions of anilines, especially with HOCl, and HFeO 
Benzene derivatives
O 3 shows considerable reactivity, albeit with a wide range of reactivity towards several sub-classes of benzene derivatives (BZD) such as phenols, anilines, alkyl-/alkoxy-benzenes, and halo-benzenes etc (0.1 < k < 10 10 M À1 s
À1
). Currently, there are at least 67 k-values available for the reaction of O 3 with benzene derivatives, which may produce useful QSARs. Correlation analysis was performed based on benzene as a reference compound and using different types of the Hammett s constants. In the case of mono-or di-substituted benzenes, multiple sites for O 3 attack are possible. Each scenario of O 3 attack results in a different value of P (s). To solve this problem, O 3 attack was assumed to occur at the site where the P (s) value is the lowest. This assumption is reasonable because more negative s values indicate more electron density on the benzene, which would be more susceptible to electrophilic attack. Overall, a good correlation was found only when applying a few restrictions as follows: 1) P s þ p had to be used as sole descriptor variable. This means that s þ p was used instead of s þ o and s þ m , and 2) the k-values for the reaction of O 3 with fourteen anilines and three other compounds such as 2,4-dichlorophenolate, nitrobenzene, and benzaldehyde were excluded as outliers in the QSAR. Fig. 7 shows the resulting linear correlation for the reaction of O 3 with benzene derivatives (BZD). The obtained Eq. (13) is shown Table 1 (see also SI-EXCEL-1).
The two restrictions applied for developing Eq. (13) can be acceptable when considering the diverse structures of the compounds and the corresponding different reaction mechanisms for their reaction with O 3 . Here, our intention was to develop a useful semi-empirical correlation covering as many benzene derivatives as possible with minimal restrictions. Eq. Table 1 ) (data, SI-EXCEL-1). Table 1 ) (data, SI-EXCEL-1).
w a t e r r e s e a r c h 4 6 ( 2 0 1 2 ) 6 1 7 7 e6 1 9 5 1/3e3. Eq. (13) can be useful to predict the k-values for the reaction of O 3 with some benzene derivatives, such as alkyl-, alkoxy-, and halo-benzenes. For phenols, Eqs. (7) and (8) can be applied preferentially because they give better predictions than Eq. (13). Currently, the k BZD -values of O 3 are known for several micropollutants. Eq. (13) predicts the k BZD -values with difference of less than a factor of 3 for atenolol/nondissociated and ibuprofen/dissociated. However, the predicted k BZD -values for bezafibrate/dissociated, metoprolol/ non-dissociated and acebutolol/non-dissociated differ from the measured ones by a factor of 7.1, 12.6 and 13.7, respectively (see Fig. 7 and SI-Excel-1). O 3 (Fig. 8) . Correlations based on the Hammett s constants turned out to be poor. Therefore, the Taft s* constants were selected. The k-values for the reaction of O 3 with nucleic acids and their constituents as olefin-containing compounds (Theruvathu et al, 2001) were excluded in the QSAR analysis because their Taft s* constants were difficult to calculate (due to heterocyclic structure). 12 out of 74 k-values for the reaction of O 3 could not be used because Taft s* constants are not available for the substituents, such as, m-, p-dihydroxy-phenyl-,
Olefins
, -PO(OH) 2 etc (see SI-Excel-1). In addition, 13 out of 74 k-values were excluded as outliers because the predicted k olefin -values differed significantly from the measured values by a factor of >50. These compounds typically contain carboxylate anion (e.g. maleic acid/dissociated) or cyclohexene with carbonyl (e.g. progesterone) as substituents (see SI-Excel-1). Finally, 48 k-values were used to develop Eq. (14) for the linear correlation of ozone for k olefin . (Table 1 and Fig. 8 Table 1 ) which are determined using benzene as a reference compound instead of phenol (see main text for further explanation). 'D' and 'N' in parenthesis indicate 'dissociated' and 'non-dissociated' species, respectively. Some symbols are not named due to space limitation: dissociated phenols such as 4-n-nonyl-phenolate; nondissociated phenols such as 2-chloro-, 2-methyl-, 3-methyl-, 4-methyl-, 2,3-dimethyl-, 2,4-dimethyl-, 2,6-dimethyl-, 2-hydroxy-and 3-hydroxy-phenol, benzene derivatives such as 1,4-dimethoxy-, 3,4-dimethoxy-, ethyl-, isopropyl-, 1,2,3-trimethyl-, 1,3,5-trimethyl-benzene, and ortho-xylene, meta-xylene, para-xylene and benzoate (data, SI-EXCEL-1). w a t e r r e s e a r c h 4 6 ( 2 0 1 2 ) 6 1 7 7 e6 1 9 5 nonadienal, oseltamivir acid/dissociated, 1-penten-3-one and tylosine were predicted with Eq. (14) within a factor of 1/3e3. However, the predicted k olefin -value for carbamazepine and bionone differ from the measured values by a factor of 3.2 and 3.9, respectively (see 
Amines
Alkylamines have three sub-classes depending on the number of alkyl carbons attached to the nitrogen, i.e. primary (1 , RNH 2 ), secondary (2 , R 2 NH), and tertiary (3 , R 3 N) amines.
Ammonia, hydroxylamine and halo-amines as inorganic amines are sub-classes of amines. There are also halogenatedalkylamines and amide. In this study, the k-values of all these sub-classes of amines with structures such as R 1 -N(R 2 )-R 3 (R: alkyl, carbonyl, hydrogen, and hydroxyl) were considered in the QSAR analysis. All selective oxidants are in general reactive to alkylamines. Exceptions are found for the reaction of ClO 2 with 1 and 2 alkylamines and the reaction of HFeO . The selective oxidants are reactive to hydroxylamine but show much lower reactivity to ammonia, halo-amines, and amides. An exception for this is the fast reaction of HOCl with ammonia which forms chlora- Deborde and von Gunten, 2008) .
Taft s* constants were used to develop QSARs for amines. Alkylamines typically have pK a values in the range of 9e11. Since N-protonated alkylamine moieties are not susceptible to oxidation, the reactivity is determined by the concentration of N-deprotonated alkylamine species. Therefore, the corresponding rate constant, k amine , are typically known for deprotonated alkylamine species. For O 3 , ClO 2 , and HOCl, a considerable number of k-values are available to develop QSARs. However, a limited number of k-values are available for the reaction of HFeO À 4 with amines and thus reliable QSARs could not be obtained.
In the correlation analysis, all sub-classes of amines were considered together in the first step. When one class of amine showed significantly different k amine -values from the rest of the corresponding amine-class was excluded in the next round. This process was repeated until the best correlations were obtained.
O 3 (Fig. 9) . The linear correlation of ozone for k amine is shown in Eq. (15) (Fig. 9) . Based on typical pK a values of 2 (pK a w10) and 3 alkylamines (pK a of w9), the k app -values at pH 7 are 60e2 Â 10 5 M À1 s
À1
. The k appvalues will increase a factor of 10 per pH unit in the pH range 6e9.
The
, which are about one or two orders of magnitude lower than those for 2 and 3 alkylamines (Fig. 9) .
The k app -values at pH 7 for 1 alkylamines will then be 50e2 ). Ammonia, N,Ndimethylacetamide, N,N-dimethylformamide, and N,Ndimethylnitrosamine were not considered due to a much lower reactivity to O 3 than the predictions made by Eq. (15) (see SI-Excel-1).
Eq. (15) predicts 33 out of 54 (61%) k amine -values within a factor of 1/3e3. The k amine -values for the reaction of O 3 with several amine-containing micropollutants are available (Fig. 9) . The k amine -values for acebutolol, anatoxin-a (attack on the deprotonated amine, not on the double bond), atenolol, ciprofloxacin, DABCO, EDTA, EDTA-H þ , enrofloxacin, metoprolol, NTA, tramadol and tylosine were predicted with a difference of less than a factor of 3. However, the predicted k amine -values for azithromycin, DABCO-H þ and roxithromycin differ from the measured ones by a factor of 6.4, 6.2 and 4.8, respectively (see SI-Excel-1). ClO 2 (Fig. 10) . For ClO 2 , two different correlations were established: one for the reaction with 3 alkylamines and the aspartate, n-butylamine, sec-butylamine, tert-butylamine, cyclohexanemethylamine, cyclohexylamine, glutamine, glycine, isoleucine, leucine and phenylalanine (data, SI-EXCEL-1).
w (Fig. 10) . Based on typical pK a values of 3 alkylamines (pK a w9), the k app -values at pH 7 for 3 alkylamines are 50e2 Â 10 3 M À1 s
. In addition, the k app -values will increase by a factor of 10 per pH unit in the pH range 6e9. In contrast, ClO 2 shows a relatively low reactivity to 1 and 2 alkylamines.
In addition, k 1 &2 amine -values are significantly influenced by the substituent effect with a r slope of À4.51. The k-values with 2 alkylamines, are 10e10 4 M À1 s À1 . Considering a typical pK a of 2 alkylamines (pK a w10), the k app -values at pH 7 for 2 alkylamines are 10
. The k-values with 1 alkylamines are even below 1 M À1 s
. Therefore, most of 1 and 2 alkylamines react slowly with ClO 2 in the pH range 6e9 (e.g.
). Eq. (16) predicts all 16 k 3 amine -values within a factor of 1/3e3. In contrast, Eq. (17) shows a poor correlation: only 6 out of 12 (50%) k 1 &2 aminevalues were predicted within a factor of 1/3e3.
HOCl (Fig. 11 ). For HOCl, two different correlations were established: one for the reaction with 3 alkylamines and the other with 1 alkylamines and amine derivatives (haloamines and ammonia), which are shown in Eqs. 18 and 19 in Table 1 , respectively. In contrast to the case of O 3 and ClO 2 , HOCl shows a lower reactivity to 3 alkylamines than 1 and 2 alkylamines (Fig. 11 ). Nevertheless, HOCl shows still a considerable reactivity to 3 alkylamines (k 3 amine ¼ 10
). Therefore, the k app -values at pH 7 for 3 alkylamines are 10e10 3 M À1 s
based on a typical pK a value of 3 alkylamines (pK a w9). The reactivity of HOCl toward 1 and 2 alkylamines is very high (k 1 amine and k 2 amine ¼ 4 Â 10
). Based on typical pK a of 1 and 2 alkylamines (pK a w10), the k app -values at pH 7 for 1 and 2 alkylamines are 4 Â 10
Poor correlations were found (r 2 ¼ 0.03) when considering the k amine -values of 1 and 2 alkylamines together or 2 alkylamine only. Therefore, 2 amines were not considered for our correlations. Instead, a good correlation (i.e. Eq. (19)) was found when considering the k amine -values of 1 alkylamines together with those of halo-amines and ammonia (Fig. 11) . Eq. (18) predicts all eight k 3 amine -values within a factor of 1/3e3. The k 3 amine -value for the reaction with enrofloxacin as 3 alkylamine-containing micropollutant has been determined to be 1.6 Â 10 3 M À1 s À1 (Dodd et al., 2005) , which differs from the predicted value by a factor of 40 (see SI-Excel-1). Therefore, it was not included in developing Eq. (18) (see SIExcel-1). Eq. (19) predicts 17 out of 22 (77%) k 1 amine -values within a factor of 1/3e3. Even though good correlations were not found for 2 alkylamines, their k-value are typically in the range of 10 7 e10 8 M À1 s À1 (see SI-Excel-1). In accordance with this, the k-value for the reaction with ciprofloxacin, a 2 alkylamine-containing micropollutant is 4.9 Â 10 7 M À1 s À1 (Dodd et al., 2005) . HFeO -dimethyl-3-chloro-, N,N-dimethyl-4-chloro-, N,N-dimethyl-4-fluoro-, N,N-dimethyl-3-methoxy-, N,N-dimethyl-4-methoxy-, N,N-dimethyl-4-methyl-and N,N-dimethyl-3-nitro- benzylamine, N,N-dimethyl-tert-butylamine and dimethylethanolamine (data, SI-EXCEL-1). Table 1 ) and with 1 alkylamines and amine derivatives (halo-amines and ammonia) vs. P s* (Eq. (19), Table 1 ). Some symbols are not named due to space limitation: 3 alkylamines such as dimethylethanolamine, N,N-dimethylglycine and (N-methyl)-piperidine, 1 alkylamines such as b-alanine, 2-amino-, 3-amino-and 4-amino-butyric acid, 3-amino-iso-butyric acid, 2-aminohexanoic acid, n-butylamine, iso-butylamine, tertbutylamine, ethylamine and iso-propylamine, amine derivatives such as N-chloro-b-alanine.
w a t e r r e s e a r c h 4 6 ( 2 0 1 2 ) 6 1 7 7 e6 1 9 5 values are currently known for some alkylamines and inorganic amine species (Lee et al., 2008 Noorhasan et al., 2010; Zimmermann et al., 2012 . However, the k app -values at pH 7 for ciprofloxacin and enrofloxacin are rather high due to the low pK a values of these two cyclic amine moieties (pK a ¼ 7.7 and 8.8, respectively). Finally, the k-value for the reaction with 1 alkylamines (i.e. glycine) was determined as 3.0 Â 10 4 M À1 s À1 (Noorhasan et al., 2010) .
Cross-correlations
Rate constants for the reactions of oxidants can be used as descriptor variables in correlation analysis (Canonica and Tratnyek, 2003; Deborde and von Gunten, 2008) . Fig. 12 shows two developed correlations between the logarithm of k-values for the reaction of O 3 vs. ClO 2 (Fig. 12a) and O 3 vs. HOCl ( Fig. 12b) with various aromatic compounds. The aromatic compounds include mostly phenols (dissociated and non-dissociated) but also some anilines (aniline, diclofenac, and sulfamethoxazole), alkoxybenzene (anisole), polycyclicaromatic (pyrene), and pyrimidine derivative (trimethoprim). Eqs. (20) and (21) (20) predicts these two kvalues with differences of less than a factor of 3 (Fig. 12a) . In the case of Eq. (21), the k-values for the reaction of O 3 and HOCl were correlated with differences of less than a factor of 3 for the following four micropollutants: steroid estrogens (17a-ethinylestradiol, 17b-estradiol, estrone, and estriol/dissociated bisphenol-A/dissociated, steroid estrogens/non-dissociated, and 4-n-nonylphenol/non-dissociated. However, for the other micropollutants, Eq. (21) predicts the k-values poorly: the predicted k-values differ from the measured ones by a factor of 4.7 for 4-n-nonylphenol/dissociated, 4.4 for triclosan/dissociated, 44 for sulfamethoxazole, 7.6 for trimethoprim/fully dissociated, and 3.3 for bisphenol-A/non-dissociated (Fig. 12b) . Eqs. (20) and (21) can be useful for predicting k-values of aromatic compounds when the k-value of at least one oxidant is known. However, because the correlations are derived mainly based on phenols, they should be cautiously applied to other nonphenolic aromatic compounds, such as anilines and polycyclic aromatic compounds.
Estimation methods of k-values for HO reactions
This section will briefly introduce some principles and estimation methods for HO reaction rate constants. HO react with organic compounds primarily in four ways: (1) by addition to an olefin or an aromatic system, (2) by abstraction of a hydrogen atom from a carbon atom, (3) electron transfer reactions and (4) by reaction with sulfur-, nitrogen-, or phosphorus-moieties (Buxton et al., 1988; Minakata et al., 2009; Schwarzenbach et al., 2003 ) are observed for compounds containing 1) aromatic rings or olefins with electron-donating or even weakly-electron-withdrawing substituents, 2) aliphatic groups with multiple H-atoms which can be easily abstracted, and 3) organic sulfur-or aminemoieties (Buxton et al., 1988) . Many of the emerging organic micropollutants fulfill the above-described criteria, and Table 1 ) and (b) log k aromatic (O 3 ) and log k aromatic (HOCl) (Eq. (21), Table 1 ). 'D' and 'N' in parenthesis indicate 'dissociated' and 'non-dissociated' species, respectively (data, SI-EXCEL-1).
consistent with this fact, the k HO $ -values for most emerging micropollutants have been known to be !3 Â 10 9 M À1 s À1 (see ) (Buxton et al., 1988 , Lee et al., 2007 . Therefore, as a rule of thumb, most emerging organic micropollutants with molecular sizes larger than 200 Da containing ERMs, will show k HO $ -values in the range of 3 Â 10 9 e10 10 M À1 s
À1
, varying by a factor of w3. In addition to the aforementioned simple estimation method for HO rate constants, there have been a few more sophisticated estimation methods for HO rate constants. One of these methods is based on the group contribution method (GCM) which has been traditionally developed for predicting gas-phase HO reaction rate constants (Minakata et al., 2009; Schwarzenbach et al., 2003) . In the GCM method, the HO reaction rate constant is determined by the reaction mechanism and effect of the neighboring functional group. As the reaction mechanism, it considers: (1) H-atom abstraction from CeH; (2) HO addition to olefins; (3) HO addition to aromatic rings; and (4) reaction with N-, P-, and S-containing moieties. For each of these reaction mechanisms, there are 'group rate constants' which represent the reactivity of a reference reaction and 'group contribution factors' which represent the effect of neighboring functional groups on the reactivity of a reference reaction. Minakata et al (2009) reported 66 group rate constants and 80 substituent factors for these four reaction mechanisms, which were determined based on 310 k HO $ -values (Minakata et al., 2009 ) and tertiary-C-H bonds (CHR 1 R 2 R 3 ,
). The overall H-atom abstraction rate constant, k HO $ (H-abstr) can then be obtained from the sum of these partial rate constants (Eq. (22)):
where X R1 , X R2 , and X R3 are the group contribution factors for R 1 , R 2 and R 3 substituents, respectively. Finally, the total rate constant, k HO $ (total), can be expressed by the sum of four rate constants as shown in Eq. (23):
where k HO $ (H-abstr), k HO $ (olefin), k HO $ (Ar), and k HO $ (NPS) are the rate constants for the aforementioned mechanisms, 1e4, respectively.
Prediction of k-values for the reaction of selective oxidants and HO with micropollutants
As a demonstration, the QSARs from this study were used to predict k-values for the reaction of the selective oxidants with overall 16 selected micropollutants. In the case of HO , the group contribution method developed by Minakata et al (2009) was used to estimate the k-values. The selected micropollutants include five phenolic-(acetaminophen, bisphenol-A, 17a-ethinylestradiol, 4-n-nonylphenol, and triclosan), two aniline-(sulfamethoxazole and diclofenac), three olefin-(anatoxin/non-dissociated, carbamazepine, and microcystin-LR), and four amine-containing compounds (anatoxin/dissociated, ciprofloxacin, enrofloxacin, and roxithromycin). In addition, gemfibrozil and naproxen were included as substituted benzenes. Therefore, the selected micropollutants cover a range of ERMs which are the site of attack by oxidants. These micropollutants were also chosen based on their environmental relevance. They are mostly pharmaceuticals and hormones which are discharged from municipal wastewater effluents. In addition, anatoxin and microcystin-LR may be produced during algal blooms. Table 2 summarizes the predicted k-values and compares them with the measured ones if data are available. For the selective oxidants, 39 out of the 45 (87%) predicted k-values were within a factor of 1/3e3. The prediction of k-values was also applied to other emerging micropollutants which are not listed in Table 2 (see SI-Excel-1). Overall, 75 out of the 97 (77%) predicted k-values were within a factor of 1/3e3. It should be noted that since all measured k-values were already included in developing QSARs for the selective oxidants, the comparison between the measured and predicted values just confirms again the goodness of the calibration. For HO , the GCM method predicts the k-values within a factor of 1/2e2. One exception was the reaction of HO with anatoxin-a. Its kvalue was predicted to be w10 10 M À1 s
À1
, which is 3.3 times higher than the measured value (k ¼ 3 Â 10 9 M À1 s À1 , Onstad et al., 2007) . Finally, 29 new k-values were predicted for the reaction of selective oxidants and HO (Table 2 ), which will be useful in estimating the elimination of these micropollutants during oxidative water treatment.
Uncertainty in predicting micropollutant elimination by QSARs
In this study, 18 QSARs were developed based on 412 k-values for the reaction of the selective oxidants with (mostly) organic compounds containing various ERMs. 217 and 303 out of 412 (53 and 74%) k-values were predicted within a factor of 1/2e2 and 1/3e3, respectively (see SI-Excel-1). In addition, the GCM method for HO reaction showed a prediction of k -values within 1/2e2 (Minakata et al., 2009 ; see also Table 2 ). Therefore, as a rule of thumb, the k-values predicted by these QSARs have a potential error of a factor of up to 9, which is also commonly found in experimentally determined k-values.
Since we are interested in using k app -values to predict micropollutant elimination during oxidative water treatment, it is of interest to know how the uncertainty in the calculated k-values affects the prediction of elimination rates. For this, Eq. (3) was used to calculate the uncertainty propagation from 'k app -value' to 'elimination'. In the first step, the % elimination of micropollutant, P (i.e. (1 À [P]/[P] 0 ) Â 100) was calculated as a function of oxidant exposure by using a certain k app -value. In the next step, the % P elimination was calculated using the same oxidant exposure but with k app -values that were threew a t e r r e s e a r c h 4 6 ( 2 0 1 2 ) 6 1 7 7 e6 1 9 5 fold larger or smaller than before (i.e. 3k app -or 1/3k app -values). Fig. 13a shows the calculated results. The uncertainty in the predicted % P elimination can be defined as the difference of (1 À [P]/[P] 0 ) Â 100 values obtained using 3k app -and 1/3k appvalues. For example, the length of arrows in Fig. 13a represents the uncertainty at various levels of % P elimination. Fig. 13b shows the uncertainty in the predicted % P elimination as a function of the % P elimination levels. When the % P elimination is less than 10% or higher than 99%, the uncertainty is lower than 24%. In other words, even when the predicted k app -value has uncertainty of a factor of 9, micropollutant eliminations can be still predicted with less than 24% error. However, when the % P elimination is in between 10% and 99%, the uncertainty can be higher than 24%. The largest uncertainty (i.e. 68%) is observed when the % P elimination is 57% (Fig. 13b) .
Based on the above exercise, the QSARs developed for the selective oxidants are good enough to estimate micropollutant elimination, especially for the cases of high or low micropollutant eliminations. This means that when predicting high or low k app -values, there is potentially low uncertainty (e.g. <24%) in the predicted levels of micropollutant elimination. The exact magnitude of k app -values in this criterion depends on the type of the selective oxidant and application. During ozonation of secondary wastewater effluents for example, micropollutants having k app -values for the reaction with O 3 higher than 10 4 M À1 s À1 are eliminated typically > 99% at O 3 dose/DOC of higher than 0.6 (mass ratio) (Lee and von Gunten, 2010; Zimmermann et al., 2011 ) (Lee and von Gunten, 2010; Rosario-Ortiz et al., 2010) . This relatively low elimination efficiency of micropollutants during treatment by HO is due to the significant scavenging of HO by water matrices (e.g. dissolved organic matter and carbonate) (Lee and von Gunten, 2010) . Therefore, uncertainty in predicted micropollutant elimination can be high by uncertainty in kvalues based on the discussion above. However, the uncertainty in k-values estimated by the GCM method (a factor of 4) is smaller than those by the QSARs for selective oxidants (a factor of 9).
Conclusions
18 QSARs were developed for the reaction of selective oxidants (O 3 , ClO 2 , HOCl, and HFeO was applied for calculations), the arrows represent the % uncertainty in the predicted P elimination (i.e. {% elimination at 3k app } L {% elimination at 1/3k app }) and (b) % uncertainty in the predicted P elimination as a function of % P elimination.
Uncertainty in the predicted k-values by the QSARs can cause uncertainty in the prediction of micropollutant elimination during oxidative water treatment. At a factor of 9 variance in the predicted k-values, the predicted micropollutant elimination will have less than 24% uncertainty when the % micropollutant elimination is high (i.e. >99%) or low (i.e. <10%). However, when the elimination is in intermediate range (i.e. 10e90%), the uncertainty in predicted micropollutant elimination can increase up to 68%.
